The recombination-activating gene (RAG)1 and RAG2 proteins comprise the lymphocyte-specific components of the V(D)J recombinase and are required for the assembly of antigen-receptor variable-region genes. A mutant truncated RAG2 protein (''core'' RAG2) lacking the C-terminal 144 amino acids, together with core RAG1, is able to mediate the basic biochemical steps required for V(D)J recombination in vitro and in transfected cell lines. Here we examine the effect of replacing the endogenous RAG2 locus in mice with core RAG2. These mice generate substantial numbers of B and T cells, demonstrating that the core RAG2 protein retains significant in vivo function. However, core RAG2 mice display a reduction in the total number of B and T cells, reflecting impaired lymphocyte development at the progenitor stage associated with reduced chromosomal V(D)J recombination. We discuss potential roles of the RAG2 C terminus in mediating rearrangement of endogenous antigen-receptor loci. During lymphocyte development, V(D)J recombination is highly regulated in the contexts of lineage specificity, developmental-stage specificity, and allelic exclusion (4, 5). In addition, developing lymphocytes use strategies that require productive V(D)J rearrangements for continued developmental progression (4, 5). For example, Ig heavy chain (IgH) variable-region genes are assembled in progenitor (pro) B cells via an ordered process in which D H -to-J H rearrangement occurs on both alleles before V H -to-DJ H rearrangement. Productive V H -to-DJ H rearrangements produce cell-surface expression of IgH chains that signal expansion and differentiation of pro-B cells to the pre-B cell stage. This expression of IgH chains also signals the cessation of further V H -to-DJ H rearrangement via feedback regulation. Pro-B cells that first assemble nonproductive V H -to-DJ H rearrangements proceed to rearrange their second allele.
D
uring B and T cell development, the Ig and T cell receptor (TCR) variable-region genes are assembled from component germ line variable (V), diversity (D), and joining (J) gene segments through a process known as V(D)J recombination (1) (2) (3) . Each V, D, and J gene segment is flanked by a recombination signal sequence (RSS) composed of conserved heptamer and nonamer sequences separated by either a 12-or 23-bp spacer. V(D)J recombination is initiated by the lymphoidspecific recombination-activating gene (RAG) 1 and 2 proteins, which recognize a pair of 12 and 23 RSSs and introduce a DNA double-strand break between each RSS and flanking coding sequence. The RAG-liberated ends are held in a complex with RAG1 and RAG2 until resolved into precise recombination signal and imprecise coding joins via the generally expressed nonhomologous end-joining DNA-repair factors (1) .
During lymphocyte development, V(D)J recombination is highly regulated in the contexts of lineage specificity, developmental-stage specificity, and allelic exclusion (4, 5) . In addition, developing lymphocytes use strategies that require productive V(D)J rearrangements for continued developmental progression (4, 5) . For example, Ig heavy chain (IgH) variable-region genes are assembled in progenitor (pro) B cells via an ordered process in which D H -to-J H rearrangement occurs on both alleles before V H -to-DJ H rearrangement. Productive V H -to-DJ H rearrangements produce cell-surface expression of IgH chains that signal expansion and differentiation of pro-B cells to the pre-B cell stage. This expression of IgH chains also signals the cessation of further V H -to-DJ H rearrangement via feedback regulation. Pro-B cells that first assemble nonproductive V H -to-DJ H rearrangements proceed to rearrange their second allele.
Both RAG1 and RAG2 are required for V(D)J recombination, because RAG1-or RAG2-deficient mice exhibit a complete block in lymphocyte development at the progenitor stage (6, 7) . In addition, RAG1 and RAG2 together are sufficient to initiate V(D)J recombination in vitro (8) . Nearly all in vitro studies of RAG function have used the minimal regions of RAG1 (amino acids 384-1,008 of 1,040) and RAG2 (amino acids 1-383 of 527) required for activity, because full-length RAG1 and RAG2 are largely insoluble. However, the activities of these mutant ''core'' proteins differ from those of the full-length RAGs when assayed with extrachromosomal substrates in transfected cells. In this context, the mutant core RAG proteins support V(D)J recombination with reduced efficiency and with different levels and types of recombination products (9) (10) (11) (12) (13) (14) (15) .
Although not required for the biochemistry of V(D)J recombination, the noncore regions of RAG1 and RAG2 are conserved throughout evolution. For example, sequence conservation across the entire RAG2 protein from pufferfish to humans is Ϸ60%, with conservation of the noncore C-terminal region slightly higher than the core domain (16) . Therefore, the noncore regions of RAG1 and RAG2 may serve important accessory and͞or regulatory functions in chromosomal V(D)J recombination. Consistent with this notion, studies of Abelson murine leukemia virus-transformed pre-B cells have suggested that the noncore regions of RAG1 are important for IgH locus D H -to-J H rearrangement (17) , whereas the C terminus of RAG2 is more important for V H -to-DJ H rearrangement than for D H -to-J H rearrangement (18) . The C terminus of RAG2 is predicted to fold into a plant homeodomain (PHD) (19, 20) , a motif found in a number of chromatin-associated proteins including some that have chromatin-modifying activities (21) (22) (23) (24) .
To investigate potential in vivo function of the RAG2 noncore region in chromosomal V(D)J recombination and normal lymphocyte development, we have generated and characterized mice containing specific replacement of the full-length endogenous RAG2 gene with a gene encoding the mouse core RAG2 protein.
Materials and Methods
Generation of Core RAG2 Mice. For information about the generation of core RAG2 mice, see Supporting Materials and Methods, which is published as supporting information on the PNAS web site, www.pnas.org.
IgH and TCR␤ rearrangements were amplified by PCR with primers as described (18, 26) . 
Results
Core RAG2 Mice Exhibit a Partial Arrest in B Cell Development. A targeting construct was used to replace the endogenous RAG2 gene with a gene encoding the mouse core RAG2 protein (Fig.  6 A-C and Supporting Results, which are published as supporting information on the PNAS web site). Expression of core RAG2 in the resulting mice was found to be similar to the levels seen with full-length RAG2 in WT mice (Fig. 6D) . B cell development in core RAG2 mice was assessed by using fluorescence-activated cell sorter (FACS) analysis to examine the expression of lineageand stage-specific cell-surface markers on bone marrow cells (Fig. 1) . In this assay, cells from mice with RAG2 genotypes ϩ͞ϩ, ϩ͞Ϫ, and ϩ͞c [WT (ϩ), knockout (Ϫ), or core (c)] exhibited no obvious phenotypic differences and are subsequently all referred to as ''WT.'' Likewise, cells from mice of genotypes c͞c and Ϫ͞c are phenotypically identical and both referred to as ''core.'' Genotypes are indicated when representative results are presented.
Staining with IgM and B220 revealed that the number of IgM ϩ B cells is reduced substantially in the core RAG2 mouse (approximately one-third of the number of WT cells) (Fig. 1 A) Fig. 1 A) . The absolute numbers of pro-B cells are equivalent in core RAG2 and WT mice (data not shown). This FACS profile indicates that core RAG2 mice exhibit impaired development at the pro-B cell stage. Peripheral lymphoid compartments such as spleen and lymph nodes were also examined, and they too contain decreased numbers of IgM ϩ B cells in the core RAG2 mice (Ϸ50% of WT controls) (Fig. 1B) , which is consistent with the decreased rate of B cell production in bone marrow. hi cells ( Fig. 1 A) (6, 7) . Thus, we investigated whether the impairment in B cell development in core RAG2 mice is a reflection of impaired IgH gene rearrangement. For this purpose, we first took advantage of the fact that B cell development occurs in a nearly synchronized manner in fetal liver (27, 28) such that D H -to-J H rearrangement begins around day 13 of gestation, whereas V H -to-DJ H rearrangement is not detectable until day 14 or 15 (29) . Thus, at earlier days we could measure the level of D H -to-J H rearrangement in the absence of V H -to-DJ H rearrangement and then measure V H -to-DJ H rearrangement at later times.
Fetal livers from WT and core RAG2 littermates were harvested at 13.5, 14.5, 15.5, and 16.5 days postconception (dpc), and genomic DNA from each sample was analyzed by PCR using standard primers that allow detection of rearrangements to J H 1-4 ( Fig. 2) . At days 13.5 and 14.5, when no V H -to-DJ H rearrangements are detectable, D H -to-J H rearrangement can be detected in both WT and core RAG2 cells (Fig. 2 ). In addition, serial dilutions of 14.5-dpc samples indicate that the level of D H -to-J H rearrangement in core RAG2 mice is similar to WT at this time point (Fig. 2 A) . In contrast, at days 15.5 and 16.5, we (Fig. 2B and data not shown) . Furthermore, direct comparison of PCR amplifications with V H 7183 family primers of serially diluted DNA from multiple independent fetal livers derived from WT and core RAG2 littermates indicates that the level of V H 7183-to-DJ H rearrangements in WT mice is 4-to 8-fold higher than in the core RAG2 mice (see Fig. 2B Right for representative data) . Therefore, expression of core RAG2 results in a more dramatic decrease in V H -to-DJ H rearrangement of V H 7183, V H Q52, and V H J558 family members than D H -to-J H rearrangement in fetal liver cultures.
We also analyzed D H -to-J H and V H -to-DJ H rearrangements at the IgH locus of unselected, sorted pro-B (CD43 ϩ B220 lo ) populations from the bone marrow of WT and core RAG2-expressing mice (Fig. 3) . Consistent with the fetal liver experiments, the level of D H -to-J H rearrangement appeared similar in core RAG2 and WT pro-B cells (Fig. 3A) , whereas the level of V H -to-DJ H rearrangement of three different V H family members appeared lower in core RAG2 pro-B cells compared with WT controls (Fig. 3A) . Furthermore, serial dilutions indicated that V H 7183-to-DJ H rearrangement was reduced Ϸ10-to 20-fold in the DNA from bone marrow-derived pro-B cells in the core RAG2 mice (Fig. 3B) . Therefore, expression of core RAG2 also results in a more dramatic decrease in V H -to-DJ H rearrangement of V H 7183, V H Q52, and V H J558 family members than D H -to-J H rearrangement in unselected pro-B cell populations.
Normal B cells almost always contain J H rearrangements on both J H alleles (30) . In this context, in addition to their productive V H (D)J H rearrangement, Ϸ60% of normal B cells should contain DJ H rearrangement with the remaining 40% containing nonproductive V H DJ H rearrangement (30) . Therefore, to analyze more quantitatively the extent to which DJ H and overall V H DJ H rearrangements are reduced in core RAG2 mice, we analyzed IgH gene rearrangements in B cell hybridomas. Three separate fusion experiments were analyzed (Table 1) . Southern blotting with a J H probe demonstrated that Ϸ90% of control hybridomas contained two non-germ-line bands representing J H rearrangements ( Table 1 ). The remainder, 10 Ϯ 2%, contained a germ-line J H band and thus most likely represents tripartite fusions involving a nonlymphoid cell (30, 31) . In contrast, 45 Ϯ 8% of core RAG2 hybridomas contained a germ-line (nonrearranged) band (Table 1) . Therefore, D H -to-J H rearrangement is reduced significantly in core RAG2 mice, and as a consequence nearly half of core RAG2 mature B cells, in contrast to normal B cells, develop with a germ-line J H allele.
To quantify the level of D H -to-J H versus V H -to-DJ H rearrangement on the remaining nonselected alleles we conducted Southern blotting with a probe that hybridizes between the V H and D H segments. In control B cell hybridomas, 63 Ϯ 2% and 27 Ϯ 13% of the nonselected alleles contained D H -to-J H and V H -to-DJ H rearrangements, respectively (Table 1 ). In core RAG2 hybridomas, 55 Ϯ 8% of the nonselected alleles contained D H -to-J H rearrangements, but none contained V H -to-DJ H rearrangements (Table 1) . Therefore, the level of V H -to-DJ H rearrangement on the nonselected allele is reduced dramatically in core RAG2 mice and thus impaired more substantially than D H -to-J H rearrangement. the thymus of core RAG2 (c͞Ϫ) and WT (ϩ͞Ϫ) mice (Fig. 4) . Core RAG2 mice contain reduced numbers of thymocytes (approximately one-third of controls) with an almost normal distribution of CD4 ϩ ͞CD8 (Fig. 4A) . Further analysis demonstrated that this increase was due to a partial block in development at the CD25 ϩ CD44 Ϫ (DNIII) stage (Fig. 4A) . FACS analysis of splenic lymphocytes revealed that core RAG2 mice contain a higher percentage of CD4 ϩ and CD8 ϩ T cells because of the reduction in B cells (Fig.  4B) ; however, the absolute numbers of peripheral T lymphocytes is equivalent between core RAG2 and WT mice. Finally, a significant reduction (Ϸ4-fold) in the number of thymic ␥␦ T lymphocytes was also observed in core RAG2 mice (Fig. 4C) .
Core RAG2 Mice Display Impaired TCR␤ and TCR␦ Recombination.
T cell development in RAG-deficient mice is arrested completely at the CD25 ϩ CD44 Ϫ (DNIII) stage (Fig. 4A) (6, 7) . Thus, we investigated whether the impaired T cell development in core RAG2 mice is a reflection of altered TCR␤ gene rearrangement. For this purpose, the effect of core RAG2 expression on TCR␤ V(D)J recombination was evaluated by PCR analysis on genomic DNA isolated from sorted, unselected CD25 ϩ CD44 Ϫ DN thymocytes of WT mice and those expressing the core RAG2 protein. The levels of PCR products corresponding to D␤2-to-J␤2 rearrangements were reduced only mildly in the DNA from RAG2 core thymocytes (Fig. 5) . However, the levels of PCR products corresponding to V␤-to-D␤2J␤2 rearrangements of multiple V␤ genes showed a greater reduction, with only minimal complete V␤D␤2J␤2 rearrangements observed (Fig. 5) . Similar results were obtained when D␤1-to-J␤1 and V␤-to-D␤1J␤1 rearrangements were analyzed (data not shown). However, core RAG2 mice exhibited no significant differences in V␤ utilization (data not shown), indicating that the observed reduction in V␤ rearrangement is not biased by chromosomal location or other factors.
The reduction in number of thymic ␥␦ T lymphocytes likely reflects impairment of TCR␦ or TCR␥ rearrangement. Thus, we examined the effect of core RAG2 expression on both TCR␦ and TCR␥ rearrangement by Southern blot analysis of thymus DNA from core RAG2 and WT control mice. We found that core RAG2 mice carry out an appreciable level of either D␦1(D␦2)J␦1 or V␦(D␦1)D␦2 rearrangement; however, a reduced level of complete TCR␦ gene assembly was observed (Supporting Results and Fig. 7 , which are published as supporting information on the PNAS web site). In contrast, no defect in TCR␥ rearrangement was found (data not shown).
Discussion
The RAG2 C Terminus Is Required for Normal Lymphocyte Development. The original finding that RAG2 retains its enzymatic activity in the absence of the C-terminal one-fourth of the protein provided a tremendous experimental convenience: a well behaved protein that could be readily overexpressed and purified for biochemical study. For this reason almost all biochemical work on RAG2 has been done with the truncated protein. Here we show that although the core RAG2 protein supports substantial lymphocyte development in vivo, removal of the C terminus is not without biological consequence. In mice expressing only core RAG2, development of the immune system In principle, the impaired lymphoid development in core RAG2 mice could be a result of altered V(D)J recombination or decreased cell proliferation͞ increased cell death or some combination of these factors. Cell cycle-regulated RAG2 expression mediated through the phosphorylation of Thr-490 (located in the deleted C terminus of RAG2) serves to restrict V(D)J recombination to G 1 (32) . Because the activity of the core RAG2 protein is not cell cycle-regulated in core RAG2 mice (Y.A., unpublished observations), continued expression of core RAG2 during S phase after the productive assembly and expression of IgH and TCR␤ variable-region genes theoretically could lead to decreased cell proliferation͞increased cell death. However, the lack of impaired lymphocyte development in heterozygous core RAG2 mice indicates that expression of the core RAG2 protein during S phase does not cause significant reduced cell proliferation͞ increased cell death after productive IgH and TCR␤ V-to-DJ rearrangement.
Along with impaired lymphocyte development and decreased cellularity, we find that the core RAG2 protein supports a reduced level of chromosomal V(D)J recombination. Analysis of IgH gene assembly by PCR in unselected pro-B cells and Southern blotting in B cell hybridomas of core RAG2 mice indicates that both D H -to-J H and V H -to-DJ H rearrangement are reduced significantly, with V H -to-DJ H rearrangement dramatically more impaired. Similarly, analysis of TCR␤ gene assembly by PCR in unselected pro-T cells of core RAG2 mice indicates that V␤-to-DJ␤ rearrangement is reduced more substantially than D␤-to-J␤ rearrangement. Furthermore, a reduction in the level of complete TCR␦ variable-region gene assembly was observed by Southern blot analysis of core RAG2 thymus DNA. Therefore, we conclude that the observed reduction in complete V(D)J recombination of the endogenous IgH, TCR␤, and TCR␦ loci is responsible for impaired lymphocyte development in core RAG2 mice.
The core RAG2 protein exhibits Ϸ50% activity of the fulllength protein as measured with plasmid substrates in tissue culture (9) (10) (11) (12) (13) . Therefore, on the simplest level, the observed reduction in the complete assembly of IgH, TCR␤, and TCR␦ variable-region genes might reflect only a similar decrease of in vivo V(D)J recombinase activity. In this context, the 4-fold reduction in the number of ␥␦ T cells that develop in RAG2 core mice can be explained entirely by the straightforward calculation that overall V(D)J␦ joining should be reduced on the order of 4-fold if both D␦-to-J␦ and V␦-to-D␦ joining were reduced Ϸ50%. However, our analyses clearly indicate that V H -to-DJ H rearrangement was dramatically more impaired than D H -to-J H rearrangement and, in this context, cannot be accounted for by decreased recombination activity alone.
The ordered assembly of IgH genes is likely effected via developmental stage-specific D H and V H accessibility as D Hto-J H rearrangement occurs in an earlier developmental stage than V H rearrangement (30) . Approximately half of core RAG2 mature B cells lack IgH rearrangements on their nonselected allele, indicating that expression of core RAG2 permits the development of pro-B cells to the stage in which V H rearrangement occurs without D H -to-J H rearrangement on both alleles. Therefore, the completion of D H -to-J H rearrangement on both alleles is not required for pro-B cells to progress to the developmental stage in which V H rearrangement occurs.
Potential Roles of the RAG2 C Terminus. How does the C terminus of RAG2 influence IgH, and possibly TCR␤, V-to-DJ rearrangement? An intriguing possibility is that the C-terminal region of RAG-2 directly influences accessibility of antigen-receptor loci (18) . Thus, the RAG2 C terminus might directly facilitate changes in chromatin structure or, more likely, facilitate assembly of the RAG1͞2 complex on RSSs wrapped in chromatin. The association of other PHD-containing proteins with chromatin remodeling and modification (21) (22) (23) (24) is consistent with such a role for RAG2 in influencing the accessibility of antigenreceptor loci. In this context, the PHD motif of RAG2 might serve a unique, undefined function in promoting accessibility of V H and V␤ segments.
Another possibility involves differential recombination efficiency of specific RSS pairs with the full-length versus core RAGs; for example, in the context of beyond 12͞23 restrictions observed at the TCR␤ locus (33) . The 5Ј-D␤1 12-RSS precisely targets rearrangement of a diverse repertoire of endogenous V␤ gene segments based on properties beyond those of simple 12͞23 RSS compatibility (33) . However, we find that the specific targeting of V␤ rearrangement to the 5Ј-D␤1 12-RSS, versus the J␤1.1 12-RSS, is not affected in mice expressing core RAG-2 (D.D.D., C.H.B., and F.W.A., unpublished observations). Therefore, the C terminus of RAG2 does not serve a specific role in the targeting of V␤s to the 5Ј-D␤1 12-RSS via beyond 12͞23-RSS restrictions. However, it is possible that the core RAG2 protein is particularly less efficient at assembling a synaptic complex or cleaving a signal pair derived from IgH and TCR␤ V͞D versus D͞J RSS pairs. In this regard, the core and full-length RAGs catalyzed slightly different recombination patterns with regard to position of target RSS in extrachromosomal plasmid substrates (34) .
Finally, other possibilities cannot be excluded. The noncore domains of RAG2 could facilitate localization of the protein to specific sites within the nucleus of progenitor lymphocytes where IgH and TCR␤ V-to-DJ joining takes place. The recently noted order of synaptic complex assembly, with RAG proteins initially assembling on one RSS (preferably a 12-RSS) then searching for the second site (35, 36) , might also be affected by the absence of the C terminus of RAG2 if, for example, the complex is less stable. In this context, the PHD theoretically could associate with chromatin over IgH and V␤ segments to facilitate synaptic complex assembly between V RSSs and RAG-bound 5Ј-D RSSs (1) . Further in vivo experiments will be required to determine the one or more ways that the C terminus of RAG2 participates in chromosomal V(D)J recombination. Of particular interest will be whether IgH and TCR␤ locus allelic exclusion is mediated, at least in part, through a signal that modifies the PHD motif and͞or other residues of the RAG2 C terminus in progenitor lymphocytes to inhibit V-to-DJ rearrangement. 
